Abstract This study focuses on the failure probability of storing renewable energy in the form of hydrogen or compressed air in rock salt caverns. The validation of the shortand long-term integrity and stability of rock salt cavern is a prerequisite in their design process. The present paper provides a reliability-based analysis of a typical renewable energy storage cavern in rock salt. An elasto-viscoplastic creep constitutive model is implemented into a numerical model of rock salt cavern to assess its behavior under different operation conditions. Sensitivity measures of different variables involved in the mechanical response of cavern are computed by elementary effect global sensitivity method. Subset simulation methodology is conducted to measure the failure probability of the system with a low computational cost. This methodology is further validated by a comparison with a Monte Carlo-based probabilistic analysis. The propagation of parameter uncertainties and the failure probability against different failure criteria are evaluated by utilizing a Monte Carlo-based analysis. In this stage, the original finite element model is substituted by a surrogate model to further reduce the computational effort. Finally, a reliability analysis approach is employed to obtain the minimum admissible internal pressure in a cavern.
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Introduction
Producing electricity from renewable energy sources may not be constant but fluctuating seasonally, monthly, or even hourly, which is not compatible with conventional electrical grids. To overcome this disadvantage of renewable energy sources, the surplus baseload of the produced electrical energy can be converted into compressed air or hydrogen for operating turbines to supply energy when there is demand. Storing compressed air or hydrogen needs proper repositories which are able to store huge volume of gas under high pressure, and the repository should be able to bear cyclic mechanical loading imposed by rapid cycles of pressurized gas injection/withdrawal. Also, the storage should be impervious and induces no chemical interaction with the stored product. All of these properties can be found in a solution-mined rock salt cavern. Rock salt formation has been utilized as cavities for the storage of fossil fuels (i.e., crude oil and natural gas) and nuclear waste disposal for many years. Domal rock salt formation has proper features, such as negligible permeability, high compressive strength, and viscosity. Furthermore, rock salt strata have healing properties, which means if there are any cracks in the rock salt, the cracks' width might shrink or even close under specific mechanical circumstances (Schulze 2007; Chen et al. 2013) . However, although an underground storage plant is generally safer and more stable than similar facilities on the ground, a poorly designed or operated plant can lead to severe accidents (Bérest and Brouard 2003) . Therefore, the safety and stability of a rock salt cavity in an underground storing plant are among the most important criteria in their geomechanical design process.
In order to investigate how reliable the safety of a rock salt cavity is, there should be some criterion like no-dilation. Exceeding the limit state of these criteria may cause initiation and growth of cracks in the rock salt, which leads to failure in the sealing and, consequently, the loss of the product. The other criterion can be limitation of volume convergence that prevents excessive closure without brittle failure.
The temperature of surrounding host rock changes during the injection and withdrawal cycles. The fluctuation of temperature imposes thermal expansion and contraction on the rock salt around the cavern, which causes additional stresses. The rate of creep deformation is also influenced by the temperature of rock mass that may affect the rate of cavern closure, subsequently (Bérest et al. 2007 ). Moreover, the influence of fast cooling and induced thermal contraction on the minimum principal stresses should be examined within a thermo-mechanical analysis (Mahmoudi et al. 2016; Khaledi et al. 2016b) . However, as the main focus of this paper is proposing a probabilistic approach to face with such complex application dealing with a significant amount of uncertainties, and in the sake of simplicity, the thermal interactions are neglected and the numerical simulation is done at constant temperature T ¼ 45
C. The stability analysis may include data sets of laboratory results of mechanical testing (Ratigan and Hannum 1980; Hunsche and Hampel 1997; Filimonov et al. 2001; Fuenkajorn et al. 2012; Roberts et al. 2015; Günther et al. 2015) , numerical modeling (Heusermann et al. 2003; Nazary et al. 2013; Wang et al. 2015) , and constitutive models (Olivella and Gens 2002; Hou 2003; Minkley and Muehlbauer 2007; Lj et al. 2012) . The mechanical properties of rock salt media in the geotechnical aspect of design play a key role, but determining their values is usually based on rare test data sets. Generally, the natural variability of rock salt in the field, measurement errors, difficulties in running in situ experiments, and lack of adequate experimental setup for conducting full-scale tests may result in significant levels of uncertainties (Einstein and Baecher 1983) . Therefore, utilizing probabilistic and reliability-based analysis approaches developed in Tang et al. (1976) , Wang (2011) , Mollon et al. (2013) and Phoon and Ching (2014) is unavoidable.
In dealing with uncertainties associated with the input data of a system, one should explore how the system response is affected by the input factors and to which extent. To accomplish this, a sensitivity analysis should be conducted. In particular, a global sensitivity analysis (GSA) should be considered to provide robust sensitivity measures in the presence of nonlinearity and interactions among the parameters compared to the derivative-based local sensitivity analysis (Cacuci 2003) . In this study, the Morris one-at-a-time method (Morris 1991) , which belongs to the GSA strategies, is adopted. This is because it is a computationally frugal method compared to other methods such as the variance-based approach suggested by Homma and Saltelli (1996) . Nevertheless, running the Morris oneat-a-time method (also known as elementary effect method) still requires hundreds of model evaluations. To overcome this drawback, a surrogate modeling (also called metamodeling) methodology is used to substitute the original numerical model.
The Monte Carlo simulation (MCS) is the most wellknown methodology for conducting a probabilistic analysis, but it needs a large number of system evaluations, which dramatically increases the computational burden in case of complex models. Thereupon, as an alternative to MCS, subset simulation (SubSim) approach is employed in order to decrease the required number of model runs. In this approach, the failure probability is expressed as a product of larger conditional probabilities of some chosen intermediate failure events. By making use of this method, the problem of evaluating a small failure probability in the original space is replaced by a sequence of simulations of more frequent events in the conditional probability space.
After calculating the failure probability of the system, the interested level of safety based on the reliability index (Hasofer and Lind 1974; Haldar and Mahadevan 2000; Phoon 2008 ) is applied to evaluate a permissible value of a design parameter as a result of the probabilistic analysis. The flowchart shown in Fig. 1 describes the non-deterministic analysis procedure, using GSA and probability and reliability analysis methods combined with the metamodel.
The present paper is organized as follows: In Sect. 2, the numerical simulation of a typical rock salt cavern is explained in detail. This part consists of defining a typical storage cavern's geometry, boundary conditions, construction procedure, and relevant mechanical loads imposed during solution-mining process and operation period. Two different protocols of loading, namely a longterm constant loading and a cyclic loading, have been applied in the simulation. Section 2 follows by introducing an elasto-viscoplastic creep constitutive model including its relevant input parameters. Section 3 deals with the probabilistic description of the involved input parameters by representing their bounds of variation and probability density function (PDF). In Sect. 4, the sensitivity analysis is carried out to obtain the significance level of the input parameters. Proper Orthogonal Decomposition with Radial Basis Functions (POD-RBF) as a metamodeling approach is utilized in Sect. 4.1 to replace the computationally expensive forward model. After introducing the assumed failure criterion in Sects. 5.1, 5.2 provides a brief review of SubSim and performs the probabilistic analysis of failure. The paper ends with Sect. 5.3 which presents the obtained results, and Sect. 6 which provides conclusions. Figure 2a shows a typical geological profile of a rock salt strata where a storage cavern may be excavated. The rock mass is idealized by dividing it into two homogeneous layers, i.e., rock salt and cap rock. Cavern's depth is usually dictated by the elevation and thickness of the bedded salt deposits or the depth of salt dome below the surface. Within this study, the depth of cavern's roof is assumed to be equal to 800 m.
Deterministic Numerical Model
In this paper, a column of domal rock salt, which is shown in Fig. 2b , with a length of 800 m and radius of 300 m is considered. By taking advantage of the rotational symmetry, the model is transformed into an axisymmetric numerical model. The finite element (FE) mesh is composed of 1137 quadrilateral elements (see Fig. 3b ). The non-saline material above the rock salt formation, i.e., cap rock with a specific weight of c cr ¼ 21 kN/m 3 , is simulated as a uniform load at the top of the rock salt column.
Although a real cavern is usually irregular in shape and contains sediments in the bottom, here as a synthetic case Fig. 1 Flowchart of the proposed non-deterministic approach to achieve a reliable design study, the shape of the cavity after excavation is idealized by a cylinder with a height of 233 m, a diameter of 75 m, and a 15 m flat area in the roof and the bottom. The shape of the corners is considered to be circular with a 30-m radius. Figure 2b shows the geometry and boundary conditions of this cavity in details. This cavern provides around 985;000m 3 volume storage. In situ and laboratory experimental tests show that the initial stress state in rock salt formations is isotropic (Bräuer and für Geowissenschaften und Rohstoffe 2011) . Therefore, the initial stress value in all directions is assumed to be equal and in proportion to the depth. Moreover, as the specific weight of the rock salt c rs is taken to be equal to 20 kN=m 3 . Also, during the excavation and operation phases, at far enough distance of the cavern, isotropic stress condition exists. This situation is considered in the simulation by applying a lateral load increasing linearly with depth (p h ¼ p v þ zc rs ) on the outer edge of the rock salt column. The vertical displacement of the model is restrained at the bottom of the rock column.
The storage cavern is leached out from the salt formation by injecting freshwater at the bottom of the cavity and dissolving the salt. At the end of the leaching process, the cavern is filled with brine that is usually replaced by injecting pressurized gas from the top of the cavern during the debrining phase. In this study, the solution-mining procedure is simulated by applying the internal pressure to the cavern's boundary in each step of excavation. In addition to applying initial isotropic stress condition based on the weight of salt column, a ramp load equal to the initial isotropic pressure of rock salt medium is also applied to the cavern's wall to simulate intact rock with no deviatoric stress before the construction onset. After that, the internal pressure of cavern is gradually decreased to halmostatic pressure. This process, which starts from the deepest point of the cavern, is called leaching and is assumed to take place in 780 days. Extracting brine from the cavity is done by injecting a pressurized gas whose pressure is slightly higher than the weight of the brine column. Replacing the brine by gas, namely debrining process, is simulated in this study by increasing the internal pressure of cavern and happens within 264 days. In the last phase before operation, the internal pressure in the cavity is adjusted to be equal to the maximum operating pressure (the first step of the operation phase). The explained process of simulating the solution mining, consisting of leaching, debrining and the first step of the operation, hereafter will be noted as stepwise excavation. In this study, stepwise excavation is assumed to take place in a total time duration about three and a half years.
In order to simplify the numerical model, the whole excavation and debrining process can be simulated by changing the internal pressure of cavern in one time step with the same total duration as the stepwise excavation. Therefore, the geostatic stress is reduced gradually to the maximum internal pressure of the cavern within the same time interval as mentioned above for the stepwise approach. Figure 3a illustrates the schematic loading pattern imposed to the cavern's boundary during the excavation and the cyclic loading operation phases. The solid line shows the pressure variation within the stepwise excavation approach, while its changes during the simplified Fig. 2 a Representative stratigraphy of salt deposit, b geometry and boundary conditions of the salt cavern model simulation strategy are shown by dashed line. In Sect. 2.2, the results of a comparative study between these two approaches to model the excavation procedure are given.
At the end of the excavation phase, two different operation protocols are investigated: (1) cyclic loading and (2) long-term loading. In the first protocol, the internal pressure of the cavity is set to 10 MPa, after that it is decreased to 7 MPa during 12 h, and then, it is kept constant for 12 h. The cyclic loading simulation is followed by raising the internal pressure gradually to 10 MPa within 12-h time interval. Furthermore, for observing the volume convergence of the rock salt cavern induced by creep behavior of rock salt, a long-term loading protocol is considered. Hereby, after the completion of the excavation phase, the internal pressure is kept constant for six months in minimum level. This loading protocol is used for evaluating the reliability of the cavern against the volume loss in Sect. 5.
The Constitutive Model
Since the stress-strain response of rock salt is governed by its mechanical properties, the numerical analysis should be based on an appropriate constitutive model. In this paper, an elasto-viscoplastic creep model is employed to describe the time-dependent behavior of rock salt considering dilation and creep behavior. This constitutive law is developed based on Perzyna viscoplastic model (Perzyna 1966) and Maxwell model. The rheological scheme of the employed material model is demonstrated in Fig. 4 . Based on this model, the total strain rate is obtained using the equation
where _ e el ij , _ e vp ij , and _ e cr ij are the elastic, viscoplastic, and viscoelastic parts of the total strain rate, respectively. The elastic strain is obtained using the generalized Hooke's law. The viscoplastic component of strain rate is described by utilizing an associated flow rule represented in Eq. 2, which has been developed by Desai and Zhang (1987) based on the viscoplastic model of Perzyna
The proposed yield surface, F vp , which is equal to the potential function depends on three stress invariants, namely the first stress invariant (I 1 ), the second invariant of the deviatoric stress (J 2 ), and the Lode's angle (h) according to the equations
In the former equations, b, b 1 , and b determine the variation of the failure boundary with respect to the change of Lode's angle h, which varies from 60 at triaxial compression to 0 at triaxial extension. constant with the same dimension as F vp , here the adopted value is equal to 1. N and l represent the rate-dependent behavior of rock salt. The parameter c is associated with the slope of the ultimate yield envelope. a is the hardening parameter which determines the size of the yield surface. This parameter is a function of the accumulated viscoplastic strain n, and its value decreases by increasing the viscoplastic deformation (Sane et al. 2008) . The value of n is represented in Eq. 5, where a 1 and g are model parameters,
The dilatancy boundary, which is defined by the beginning of the irreversible volumetric expansion, entitled as compression/dilatancy (C/D) boundary is mathematically represented by
The C/D boundary is defined by the beginning of the volumetric expansion and is used to identify the stress state which results in dilatant behavior. When the stress state locates above the C/D boundary, the material experiences dilatancy, i.e., an increase in permeability and development of microcracks that may lead to failure. Based on Eqs. 3 and 6, the dilatancy and failure boundaries are functions of Lode's angle. The dependency of the yield surfaces on Lode's angle results in different responses during triaxial compression, shear and extension loading. Therefore, for comparing the stress paths of different regions around the cavern independently of Lode's angle, the scaled value of the second invariant of the deviatoric stress (
indicates the distance of dilatancy boundary from the hydrostatic axis in p-plane (the plane normal to the hydrostatic axis), for compression (h ¼ 60 ), and ffiffiffiffiffiffiffiffiffiffiffiffi ffi J dil 2 ðhÞ p measures this distance for the current value of Lode's angle.
The third component of the strain rate in Eq. 1 describes the steady-state creep behavior of the rock salt
where g M is the viscosity of Maxwell dashpot (stress-dependent). The stress dependency of this parameter is described exponentially by
where g Ã M and m 0 are material parameters. This constitutive model has been implemented in the CODE-BRIGHT software (Olivella et al. 1996) by the authors. Commonly, the value of the constitutive model properties is determined from the results of experimental tests on samples taken from boreholes. In this paper, triaxial test data reported by Desai and Zhang (1987) are simulated based on the proposed constitutive law in order to calibrate the constitutive model. This experiment was carried out to define the stress-strain relation under triaxial compression loading at a confining pressure equal to r 3 ¼ 3:45 MPa. The tested rock salt specimen in this experiment was collected from the Salado rock salt formation in New Mexico, USA. Figure 5 illustrates the comparison between the observed and the predicted behavior based on the numerical model in the stress-strain space. An extensive investigation in order to determine the material parameters of the viscoplastic component of the constitutive model is carried out by the authors and presented in Khaledi et al. (2016c) . It should be stated that the value of g Ã M is adopted form Hou (2003) . The constitutive parameters utilized to provide the numerical results are presented in Table 1 .
Results of the Deterministic Analysis
In the next step, based on the aforementioned parameter set, the FE numerical simulation of the typical cavern mentioned in Sect. 2 under cyclic loading is conducted. and the bottom region around the cavern, namely N 3 and N 5 in Fig. 2 , respectively. Moreover, C/D line, the failure boundary and the initial yield surface are drawn in (
It is worth to mention that the maximum value of the deviatoric stress in the cavern's boundary is mainly affected by applying the minimum internal pressure (Mahmoudi et al. 2015) . Thereupon, when the internal pressure drops down drastically, the stress state moves above the dilatancy boundary. For this reason, a quantity DF is defined to identify the location of the stress state relative to the dilatancy boundary as follows:
here, ffiffiffiffiffiffi ffi J dil 2 p indicates the distance of the dilatancy boundary from the isotropic condition in p-plane. When DF ! 1, it means that the present stress state of the cavern lies above the C/D line, and subsequently, the corresponding areas around the cavity experience dilatancy, which increase the permeability. In this paper, the DF is used in the probabilistic study in Sect. 5 as a failure criterion to determine the minimum allowable pressure of the cavern. Although violating the failure criterion in a node does not mean that the whole zone will be prone to collapse, for the sake of simplicity and because the walls of the cavity are considered smooth, we assumed that the defined nodes in Fig. 2 reflect the response of the zone, where they located.
As previously mentioned, the excavation procedure of a rock salt cavern is simulated by two different simulation strategies, the first one models the whole phases stepwise, and a second strategy simulates the whole excavation procedure in one step in a simplified way. The simplified procedure can be justified by the following statements: (1) Fig. 6a, b clearly show that the stress path related to the leaching, the debrining, and the beginning part of the first step of the operation is located inside the initial yield surface, thereupon in these steps the viscoplastic component of Eq. 1 equals to zero. Based on that, observed deformations are due to elastic and viscoelastic behavior (i.e., steady-state creep). (ii) Figure 7a displays the stress paths of the two different methods of modeling the excavation process. It is observed that both paths experience a different stress state during the excavation procedure, but they finally reach the same point in the (I 1 ; ffiffiffiffi ffi J 2 p ) plane. Also, the excavation-induced horizontal displacement of N 3 on the cavern's wall is shown in Fig. 7b for both simulation methods. As mentioned before, the main part of the excavation-induced strain is due to elasticity and creep, which is a time-dependent behavior. Therefore, since the same time interval is considered for both processes, the computed values of the horizontal displacement as well as the stress state at N 3 show in both modeling methods similar results. One can conclude that simplifying the numerical analysis by modeling the whole excavation phase in one time step, when its responses during operation is addressed, makes no significant difference in the initial system response. Thereupon, the simplified simulation strategy is applied.
In the following, contour plots of the horizontal strain and the deviatoric stress around the cavern under 7 MPa internal pressure at the end of the 10th cycle are presented in Fig. 8a, b, respectively. Figure 9a , b shows the contour plot of DF around the cavern when the internal pressure is fixed to 7 and 4 MPa, respectively. Figures clearly illustrate that, decreasing internal pressure, causes dilatant regions around the cavity (DF [ 1) . Moreover, displacement contours of surrounding rock salt under long-term loading protocol under different internal load pressures are shown in Fig. 10a, b , respectively. As stated previously, decreasing internal pressure induces more deviatoric stress, which creep strain is affected by, therefore reducing internal pressure may encounter the cavity with major volume convergence values.
Considering Uncertain Input Data
Besides the variability of the constitutive parameters in a numerical simulation, many other factors like geometry, initial boundary conditions, loading conditions, mesh discretization, and material spatial variability can affect the simulation results. However, this study focuses on the effect of the mechanical properties of the rock salt on its response as a geological host rock for a gas storage cavern.
For the sake of simplicity, we assume that the shape of the yield surface in the p-plane remains unchanged. Therefore, related parameters, namely b, b, and b 1 are kept constant. Hereupon, this study considers nine independent constitutive parameters as uncertain parameters in the governed material model introduced in Sect. 2.1. These uncertain parameters are E and m as parameters of the elastic behavior, as well as six viscoplastic parameters in the constitutive model (namely N, n, l, a 1 , c and g) in addition to g Ã M which controls the steady-state strain rate. It should be stated that the investigated constitutive parameters in this study are considered as independent variables, which have no correlation.
The minimum internal pressure, which has a key role in the mechanical stability of rock salt cavern, may vary due to imperfections in operating and monitoring facilities and heat transfer between the rock and gas, among other factors. Therefore, the current study is intended to quantify its reliable value in long-term loading protocol, utilizing reliability-based design approach.
Uncertainty Propagation
After introducing the governing constitutive model, the distribution of the relevant uncertainties for each input parameter should be described. The probabilistic modeling of geotechnical parameters is usually carried out by taking into account the uncertainties of relevant properties using random variables or random fields modeling. In this paper, the quantity of the constitutive parameters is considered to First step of the operation Geostatic pressure
stepwise exc. process simplified exc. process (b) Fig. 7 Comparison of the excavation-induced a horizontal displacement and b stress path in point N 3 w/wo implying the detailed excavation process Fig. 8 Contour plots of a deviatoric stress ð ffiffiffiffi ffi J 2 p Þ and b the horizontal strain at the end of cyclic loading (simplified loading) Fig. 9 Contour plot of DF under the minimum internal pressure a P i ¼ 7MPa and b P i ¼ 4MPa
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be constant within the entire rock media which is regarded as homogeneous host rock. This assumption can be justified by this fact that salt dome formations generally include a very little amount of impurities, and can be assumed nearly homogeneous. Accordingly, the existence of any heterogeneity or spatial correlations is neglected. The uncertain input parameters which are modeled as random variables, characterized by their statistical moments, the mean value and standard deviation, besides their probability density functions. Since there is no enough information available about the variability of these constitutive parameters, three different probabilistic scenarios, optimistic, neutral, and pessimistic are defined to represent different possible circumstances. In the optimistic scenario, the construction site is assumed to be well known, which could be because of the high number of in situ and laboratory experiments carried out. In the neutral scenario, we assume that there is acceptable amount of explorations and experimental tests about the target site. While for the pessimistic scenario the variation of the parameters is assumed to be higher than the former scenarios, because of lack of test and observation data.
In the case of long-term loading, in which the internal pressure is considered as the main variation parameter, various scenarios of uncertainty can be linked to the equipments' accuracy level that controls the internal pressure. All the regarded independent uncertain parameters are assumed to vary between upper and lower bounds according to their statistical moments, which are provided in Table 2 . The uncertainties of these parameters are modeled by normal probability density functions distribution. The minimum and maximum values of the uncertain parameters are chosen based on former experiences (Hansen et al. 1984; Desai and Zhang 1987; Sane et al. 2008; Guo et al. 2012 ) and engineering judgment. The values related to Maxwell dashpot coefficient are chosen based on Heusermann et al. (2003) and Hou (2003) .
Global Sensitivity Analysis
Sensitivity analysis provides information about the contribution of each uncertain input parameter to the uncertainty of the system response (Sobol' 2001; Saltelli et al. 2008 ). Morris one-at-a-time method as a GSA methodology originates from the local sensitivity analysis method. In this approach, each parameter range is normalized and discretized into a p-level grid; therefore, the parameter space of a model with k parameters is converted to a k-dimensional unit cube. In order to calculate the elementary effect Fig. 10 Contour plot of displacement around the cavern under the minimum internal pressure a P i ¼ 7 MPa and b P i ¼ 4 MPa in long-term loading protocol of the ith parameter (EE i , where i ¼ 1; 2; . . .; k) for a given point in this grid as X ¼ ðX 1 ; . . .X i ; . . . X k Þ, D is added to the ith input parameter in a random order. Hereby, D is an increment equal to p=2ðp À 1Þ and EE i is calculated by
here e i is a unit vector in direction i, which is selected randomly. To compute EE i for k parameters, Morris proposed an efficient methodology which crosses a trajectory of k þ 1 points in the normalized parameter space. Each trajectory provides one EE for each input parameter and by considering r trajectories, the total number of required simulations is rðk þ 1Þ. Now there is a collection of r EEs for each parameter. Since the mean of EE represents the average effect of each parameter over the parameter space, the mean EE can be regarded as a global sensitivity measure (Wainwright et al. 2014) . Saltelli et al. (2008) proposed that the mean of absolute values jEEj, denoted as l Ã was used to identify the non-influential factors. This GSA methodology used previously by the authors in other publications Khaledi et al. 2016a ).
The results of elementary effect analysis in the neutral scenario are shown in Fig. 11 . Figure 11a presents the outcomes of GSA, namely sensitivity measures of DF in respect of the constitutive parameters. The sensitivity analysis is carried out at various points around the cavity wall. Based on these results, n has the most impact on the DF as a measure for dilatancy occurrence in the system. Also, the parameters m; N, and l have the least influence on the outputs; therefore, in the next steps of this study, their variations are neglected and they are fixed to the values mentioned in Table 1 . The sensitivity of volume change of the cavern is also estimated considering the same constitutive parameters and provided in Fig. 11b . As expected, the most sensitive constitutive parameter to the volume change is the Maxwell coefficient. This is because the Maxwell coefficient governs the time-dependent behavior (i.e., steady-state creep) of the system, and the time period considered in the model is relatively long (more than 3.5 years).
Metamodeling
Generating a high number of trajectories in order to compute the elementary effect measures requires a large number of model evaluations. Therefore, using the numerical model explained in Sect. 2, which is computationally expensive, makes such analysis infeasible. Consequently, a proper solution to overcome this issue is utilizing a metamodel to substitute the original numerical model.
In this study, POD-RBF approach is employed to generate an adequate metamodel. For this purpose, firstly, 100 uniformly distributed sample sets of the input parameters are generated, and subsequently, the FE numerical model is run for each sample set and the relevant output is recorded. After that, the generated input-output sets are used for constructing the metamodel. For more details about the procedure of conducting the POD-RBF, the reader is referred to Buljak (2010) and Khaledi et al. (2014) .
To examine the accuracy level of the metamodel, the original numerical model is executed to determine the DF value in point N 4 for 20 additional input parameter sets, and the corresponding results are compared to the outputs obtained by the metamodel. Here, two error measures, namely the coefficient of determination denoted as R 2 and the normalized root-mean-square deviation denoted as NRMSD, are computed for point N 4 It should be mentioned that for a perfect approximation R 2 reaches 1 and NRMSD reaches 0.
5 Probabilistic Analysis
Failure Criteria
The deviatoric stress, which can be induced by different internal pressures and in situ stresses of the rock around the cavities, leads to creep deformation. Also, as mentioned in Sect. 2, a low internal pressure value may cause dilatancy. Because of dilation, the mechanical properties of the host rock can change drastically, which may initiate microcracks. In some cases, a widened microcrack network by dilatancy may cause leakage of the stored product in the cavity. Thereupon, those internal pressures leading the stress state to locate above the C/D line (namely dilatant zone) can be considered as unsafe states. Hence, the C/ D line is considered as failure criterion. During a laboratory test, irreversible volume increase is the sign of exceeding no-dilation criterion. Over the years, many equations have been developed for the description of no-dilation criteria, for instance, BGR (Hunsche and Hampel 1999) criterion and Cristescu C/D line (Cristescu and Hunsche 1998) which were defined based on triaxial and uniaxial tests for describing the rock salt behavior. Various constitutive models, based on various empirical investigations or different rheological models, define slightly different C/ D boundaries (Mahmoudi et al. 2015) . In this study, Desai dilatancy boundary presented in Eq. 6 is utilized.
In the long-term loading protocol, when the internal pressure is kept constant in a long time interval, the shear stress in the rock salt decreases continuously, which can be attributed to the creep deformation (stress relaxation). Hence, the stress state around the cavern goes consequently away from dilatancy boundary downward to the compression zone. Thereupon, in such cases crossing the C/D boundary is not considered as the critical situations. However, long-term loading scenarios may cause a severe cavern closure due to creep deformation. For instance, a gas storage cavern in Tersanne, France, lost up to 35 % of its available storage volume after nine years. Moreover, the Eminence salt cavity in Mississippi, USA, experienced large storage space lost up to 40 %; the bottom of this cavern heaved by 36 m due creep (Bérest and Brouard 2003) . Hence, the volume convergence of the cavern is also considered as a failure mode, because in some critical cases the required volume of gas for running the turbines in the power generation division cannot be reached. Subsequently, the entire power plant may not be able to store and reproduce the predesignated amount of electricity, which may endanger the serviceability of the system.
It is worth to mention that, compared to other common underground structures, no major damage at the ground level resulting from the convergence of deep caverns has been experienced. For example, at the Tersanne site, where the cavern convergence was relatively large, the amount of subsidence was negligible. In this 1400-m deep vertical salt formation, the subsidence rate was approximately 1 cm per year (Nguyen et al. 1993 ). Ratigan and Yogt (1993) reported results of a survey on the ground-level settlement rates on an LPG storage plant in Mont Belvieu, Texas, in (b) Fig. 11 Sensitivity indexes of a DF in different regions (N 1 to N 5 as displayed in Fig. 2 ) around the cavern and b volume loss to constitutive parameters which the average subsidence at 124 storage cavities in the site was 2:64 AE 1:02 cm/year. In reliability analysis, the space of the system response is divided into failure and safe regions. These regions are separated through the limit state surface, G x ¼ 0. In this study, G x , which is entitled as performance function, is related to DF and volume convergence. Based on that, these functions are defined:
In Eq. 12, G s is the performance function related to the dilation criterion, DF u is the allowable value in the system, and DF p is the response of the system. As mentioned before, the cavern's volume loss is also considered as a probable failure mode, and hence, this failure mode is presented by the performance function G v in Eq. 13. The prescribed tolerable volume convergence in this failure mode is presented by VL u , and the amount of volume loss due to the applied parameters is given by VL p . In Eq. 14, G l and P u are the performance function of the internal load and the admissible minimum internal load, which may not cause dilation in the cavern vicinity, respectively. P p is the amount of the imposed internal pressure.
With a given performance function G x , the failure event is defined as
Subsequently, the failure probability is computed by
where f X ðxÞdx is the joint probability density function of X (X is the vector of uncertain input variables).
Subset Simulation Approach
The probabilistic analysis is generally done by classical MCS methodology, which is a well-known and robust technique to determine the failure probability. It was employed for such analysis in several geotechnical studies (for instance see, Phoon and Ching (2014) , Miro et al. (2015) ). However, since the number of the numerical simulation runs required to achieve a given probability of failure (P F ) is proportional to 1=P F , for a small probability failure, a large number of numerical simulations are needed. As far as an accurate metamodel is available, the number of model evaluations makes no difficulty, but in any case that a proper surrogate model cannot be generated, one should utilize methods which decrease the number of required model evaluations. For instance, SubSim can estimate the probability of failure by utilizing a small number of model executions that sufficiently cover the failure modes and propagating samples progressively. This method is an advanced MCS method that combines conditional probability and the Markov chain Monte Carlo (MCMC) method to calculate small values of probabilities by a small number of model runs. SubSim method efficiently generates samples to explore the failure region. This methodology was first presented by Au and Beck (2001) . SubSim was further employed by Ahmed and Soubra (2012) and Phoon and Ching (2014) in the geotechnical field. Consider a failure event F defined by the condition G x 0, where G x is the performance function. It is possible to define a sequence of nested failure regions F 1 ; . . .; F j ; . . .; F l of decreasing size, where 
where I F j ðs m Þ ¼ 1 if the system output related to the vector of s m is located in the failure region with respect to F j , otherwise I F j ðs m Þ ¼ 0. The first Z s realizations are generated using MCS methodology according to a target PDF. The next realizations of the subsequent levels are obtained using the Markov chain method based on a MetropolisHastings (MH) algorithm (Metropolis et al. 1953; Hastings 1970) . The failure probability P F of the failure region F is calculated from the sequence of conditional failure probabilities
where l is the number of levels required to reach the limit state surface. The failure probability can be evaluated by considering the same prescribed conditional failure probability PðF jþ1 jF j Þ for all levels and computing the y j in each level, separately. In the next step, the parameter sets corresponding to those realizations, whose performance function's values are less than y j and located in the failure zone of F j , are used as seeds in MCMC analysis. Seeds generate Z s new samples for the next level of SubSim. The concept of SubSim approach is illustrated in Fig. 12 for the case of a bi-dimensional problem, schematically. Filled symbols represented safe samples in each conditional levels and the others are located in the failure zone, which are used as seeds in order to generate the samples of next level. In the sake of carrying out the MCMC, a modified version of MH described in Santoso et al. (2011) To ensure that the variations in the sample sets make no significant differences in the obtained value of P F , the coefficient of variation of the final value of probability failure (denoted as COV P F ) can be a proper measure of how accurate is the conducted analysis (Au and Beck 2001) .
In order to obtain the optimal number of required Z s , different sample sizes are applied to calculate the probability of failure, and for each case the COV P F is computed. Figure 13 presents the considered number of realizations in each level of SubSim versus its corresponding COV P F . It shows the dependency of the coefficient of variation of P F on the number of samples. When Z s is increased from 50 to 500, COV P F reduces to the half. But raising Z s from 1500 to 4000 makes no important change in the COV P F (i.e., the accuracy level of the evaluated P F ). Therefore, the number of samples per level in the present study is adopted equal to 1500.
Comparison with MCS Method
The efficiency of SubSim methodology is examined by comparing its results with the estimated P F s using an MCSbased analysis. The failure probability of the rock salt cavern's vicinity, considering no-dilation criterion, is calculated by conducting both methodologies. The comparison here is conducted for the optimistic scenario for point N 5 in Fig. 2 , and the failure probability is computed against several prescribed ultimate DF. Figure 14 illustrates the obtained results, where in the MCS-based approach Fig. 13 Coefficient of variation of failure probability versus the number of samples generated per level 100,000 samples are used while in the SubSim the corresponding P F is estimated by generating samples in three levels of intermediate failure probability, i.e., in total 4500 realization are required. These results demonstrate that, although the computational burden required in SubSim approach is significantly less compared to MCS, the differences between the obtained P F s are negligible.
In order to evaluate the accuracy level of the obtained results by SubSim approach quantitatively, the following error measures, R 2 , and the NRMSD are computed
For more details about the accuracy level of SubSim, the reader is referred to Au and Wang (2014) where the efficiency of this approach has been examined over the results achieved by direct Monte Carlo method for different examples. Thereupon, one may conclude that in case of existing no proper surrogate model, utilizing SubSim approach is strongly preferable, because of its much less number of required model executions.
Results of the Probabilistic Analysis
The variability of the system responses, as a result of the uncertain input variables, is described by assigning the probability density functions. To accomplish this, the probability distribution of the system response is evaluated by investigating the related probability density functions. For instance, Fig. 15a -d presents the PDFs of the value of DF for three different scenarios of parameter's value expectation, for the nodes N 2 , N 3 , N 4 , and N 5 in Fig. 2 , respectively. As an example, The probability density functions of the obtained DF values which represent nodilation criteria are illustrated in Fig. 15c for point N 4 , when the internal load is considered as the variable in the long-term loading protocol. Figure 15 emphasizes that, varying the dispersion of the input parameters, which is applied in the present work by three different probabilistic scenarios, changes the dispersion of the model responses, significantly. This means that having good knowledge about the involved input variables such as those considered in the optimistic scenario, makes the PDF of the model output narrower (i.e., the variation in the system response becomes less). Investigating the generated PDFs of the DF for all observation points around the cavern demonstrates that less safety margin against the dilation exists at the points located at the bottom of the cavern. Also, Fig. 10 shows that the biggest values of DF occur in this region, which can be attributed to the high value of the induced deviatoric stress. For this respect, hereafter, merely the failure probability of point N 4 is investigated.
In the following, the failure probability of the system versus the failure criteria defined in Sect. 5.1 is calculated. In each failure mode, different allowable thresholds are defined and the relevant P F is calculated using samples from the input space of the uncertain constitutive parameters presented in Sect. 4. The obtained failure probabilities are illustrated in Fig. 16 as functions of the thresholds. Here it should be stated that the failure probability is evaluated for the cyclic loading protocol.
The P F of the long-term loading protocol, which considers the minimum internal pressure of the cavern as the only input variable, is calculated by the same procedure as explained above. In this protocol, the serviceability of the system is regarded as the limit state by evaluating the volume convergence value. The obtained results presented in Fig. 17 clearly demonstrate that by applying different COVs, i.e., different uncertainty variations, the value of P F changes extremely. In other words, the minimum values of failure probability against different failure criteria are observed in the optimistic scenario.
Later, the forward simulation model introduced in Sect. 2 is used to estimate the minimum allowable internal pressure of the cavern for a prescribed set of constitutive parameters. The minimum allowable pressure is evaluated in a manner, such that in the first minimum pressure step of loading after debrining phase, any stress state in the cavern's vicinity corresponds to DF [ 1. Subsequently, the failure probability of the rock salt cavern is evaluated. P F versus the minimum allowable pressure inside the cavern is shown in Fig. 18 as a function of the thresholds using samples of the uncertain constitutive parameters. After determining the P F , one can compute the proper value of the regarded input variable to satisfy a prescribed level of safety based on reliability analysis approaches, such as first-order reliability method (Hasofer and Lind 1974) . In 
here, Uð:Þ represents the standard normal cumulative distribution function. For instance, Eurocode 7 considers the value of b r to be equal to 3.8 for structures with moderate consequences in the case of failure (Phoon 2008 ). Therefore, the moderate safety corresponds to a failure probability of 7:2348eÀ05. This value is used to determine the appropriate minimum internal pressure as demonstrated in Fig. 18 . For instance, as shown in Fig. 18 in the optimistic scenario, the applied pressure in a cavity with the prescribed geometry in Sect. 2 may not be less than 6.08 MPa. Otherwise, dilatancy may take place around the cavern. This approach can be applied to the other probabilistic scenarios as well, which leads to higher values for the safe minimum pressure, e.g., even to more than 7 MPa in the pessimistic scenario.
Conclusions
In this study, the mechanical stability of a typical rock salt cavern in an underground renewable energy storage facility has been investigated in the framework of a probabilistic study. To describe the long-term behavior of rock salt under cyclic and static loading, an elasto-viscoplastic creep constitutive law has been introduced. Furthermore, the stability and serviceability of the rock salt cavern have been explored considering different failure criteria, namely limited volume convergence and no dilatant zone. Due to the fact that the uncertainties of the rock medium properties are unavoidable, a reliable design procedure cannot rely only on a deterministic approach. Thereupon, probabilistic analyses are substantial to describe these uncertainties and evaluate the impacts of their propagation. In this context, the constitutive parameters have been represented as random variables with predefined PDF, mean, and standard deviation. The effect of the uncertainties in constitutive parameter values on the system responses has been explored by carrying out a global sensitivity analysis. After determining the governing parameters, their relevant uncertainties have been considered by three scenarios, using different coefficients of variation. In order to compute the failure probability of the system, SubSim approach has been applied to substitute the classical MCS-based methods, with a considerably less computational burden. A comparative analysis has justified the efficiency and accuracy of subset simulation. Since the minimum internal pressure of the rock salt cavern governs the safety level of the system against dilatancy, the minimal allowable internal pressure has been evaluated to assure that no area around the cavern experiences dilatancy. Moreover, a reliability-based design approach has been employed to identify the acceptable minimum internal pressure of the cavern when considering the uncertainty of the constitutive parameters. It Failure probability optimistic scenario neutral scenario pesimistic scenario Fig. 18 Failure probability against dilatancy versus the internal pressure of cavern should be stated that this case study is a synthetic one. Nevertheless, the proposed methodologies can be applied analogously to realistic problems.
